Nickel orthoborate Ni3(BO3)2 having a complex orthorhombic structure Pnnm (#58, Z=2) of the kotoite type is known for quite a long time as an antiferromagnetic material below We performed the symmetry analysis of the phonon modes at the center of the Brillouin zone.
characterized by structural complexity due to the presence of planar [BO3] or tetrahedral [BO4] highly-covalent groups. Depending on particular structural details, these groups play important role in the lattice dynamics, in modifying the electronic structure, and in enhancing, decreasing or even destroying interactions between magnetic ions. Different arrangements of the boron groups result in different dimensionalities of crystallographic units and magnetic interactions and lead to a rich variety of magnetic, optical, magneto-optical, acoustical, and other properties. A good compilation of experimental results on physical properties of magnetic and non-magnetic oxyborates published before the year 1993 was given in Refs. [1, 2] .
Many oxyborates of transition and/or rare-earth metals have crystal structures which originate from or are closely related to minerals. In the trigonal mineral jeremejevite (eremeevite) AlBO3 [3, 4] the diamagnetic Al 3+ ions can be totally replaced by the magnetic Fe 3+ ions resulting in an iron borate FeBO3, which becomes antiferromagnetically ordered below TN=348 K [5] .
Another iron borate Fe3BO6, which is an antiferromagnet below TN=508 K, is isostructural with the mineral norbergite Al3BO6 [4, 6] . Most of the other transition-metal oxyborates are antiferromagnets with transition temperatures much below the room temperature. In a magnesium-iron borate mineral ludwigite Mg2FeBO5 [4, 7] the diamagnetic Mg 2+ ions can be substituted by the magnetic Mn 2+ , Fe 2+ , Ni 2+ , and other ions making these materials magnetically ordered. Several oxyborates with similar chemical composition crystallize in the warwickite-type structure, for example, MgFeBO4 or a mixed-valence compound Fe2BO4 [4] . The orthorhombic mineral kotoite Mg3(BO3)2 [8, 9] is another example of oxyborates in which the diamagnetic Mg 2+ ions can be substituted by several two-valence 3d ions leading typically to an antiferromagnetic ordering in the range of TN ~ 10-50 K [1, 2, [10] [11] [12] . A very interesting particular case is a copper metaborate CuB2O4 known for more than a century [13] but only recently discovered as a mineral and named santarosaite [14] . This material crystallizes in the non-centrosymmetric tetragonal space group I-42d [15] and demonstrates a rich variety of interesting and, in some sense, unique magnetic and optical properties (see, e.g., Refs. [16] [17] [18] [19] [20] and references therein). Surprisingly, only CuB2O4 crystallizes in this crystal structure.
Chemically similar transition-metal oxyborates MB2O4 (M = Mn, Fe, Co, and Ni) can be synthesized only under high-pressure and high-temperature conditions but typically they possess a monoclinic structure; (see, e.g., the recent publication on MnB2O4 [21] and references therein).
There are two large interesting groups of oxyborates which show multiferroic properties.
In the mineral boracite Mg3B7O13Cl [2, 22] , magnesium Mg 2+ ions can be replaced by bivalent 3d-magnetic ions resulting in numerous materials with magnetoelectric and multiferroic
properties [1] . The very recent publication [23] gives a remarkable review of this group of materials. During the last decade, a large amount of studies was devoted to structural, magnetic, dielectric, and multiferroic properties of the rare-earth (R) oxyborates RM3(BO3)4, where M = Fe 3+ , Cr 3+ , Al 3+ . These materials crystallize in the non-centrosymmetric structure of the mineral huntite CaMg3(CO3)4 [24, 25] . Other examples of complex magnetic oxyborates can be found in the literature, for instance, an actively studied quantum antiferromagnet SrCu2(BO3)2 [26, 27] , PbMBO4 (M = Cr 3+ , Mn 3+ , and Fe 3+ ) [28, 29] , a recently synthesized LiMBO3 (M = Mn 2+ , Fe 2+ , Co 2+ ) [30] , and many others.
There are several cases which show that magnetic oxyborates possess optical properties noticeably different from those of simple transition-metal oxides. Let us fix on a couple of examples. Thus, Fe 3+ ion oxides, such as FeBO3 and GdFe3(BO3)4, are highly transparent magnetic materials in the visible spectral range [31, 32] , whereas the iron oxide hematite α-Fe2O3 with the same crystal structure as FeBO3 is completely opaque. On the other hand, Fe3BO6 is also opaque, similar to α-Fe2O3, because of a larger relative concentration of iron ions in comparison to FeBO3. In Sec. IID, we show that the chemical "diluting" the cubic antiferromagnet NiO by
[BO3] groups leads to strong differences between the optical properties of NiO and Ni3(BO3)2.
Another example is an opaque multiferroic antiferromagnet CuO with the band gap of ~1.5 eV [33, 34] . [17, 18, 32, [38] [39] [40] [41] ).
In this paper, we present results on theoretical and experimental studies of the lattice dynamics of Ni3(BO3)2. An antiferromagnetic (AFM) ordering in manganese, cobalt, and nickel kotoites was reported for powder samples in Ref. [12] . Only recently, the results obtained on single crystals of Ni3(BO3)2 and Co3(BO3)2 answered some questions about magnetic properties of these compounds [10, 11] . However, many other properties of magnetic kotoites remain unexplored. Up to now, no reports are available on phonon dynamics, electronic structure, and optical properties of Ni3(BO3)2.
In our paper, we analyze the lattice dynamics at the Γ = 0 point of the Brillouin zone (BZ) using the symmetry principles. We report and analyze results on infrared reflection and absorption spectra and Raman scattering spectra. The experimental results are compared with ab initio theoretical calculations. We succeeded in finding all even and odd phonons at the Γ = 0 BZ point of this complex material. An unknown structural phase transition has been found at the temperature TN=46 K of the antiferromagnetic transition, which evidences an intriguing intrinsic coupling between the lattice dynamics and magnetic ordering.
The paper is organized as follows. In Section II, we discuss the crystal structure of Ni3(BO3)2 and give the symmetry analysis of the phonon modes. Section III is devoted to the description of experimental and computational details. In Section IV, we present and discuss theoretical and experimental results. Conclusions are given in Section V.
II. CRYSTAL STRUCTURE AND SYMMETRY ANALYSIS OF THE PHONON MODES
A. Description of the crystal structure
The nickel orthoborate Ni3(BO3)2 and similar materials with Ni 2+ ion being replaced by the magnetic ions Mn 2+ and Co 2+ ions and non-magnetic Mg 2+ ion are known for quite a long time and their crystal structures at ambient temperature were analyzed in several publications [22, [42] [43] [44] [45] . These materials crystallize in the orthorhombic system with the kotoite-type structure. The point group is mmm (D2h), the space group is Pnnm (#58), with two formula units in the unit cell. The choice of the axes and their unit cell values slightly differ in published papers. In our paper, we adopt the choice of the Pnnm group with the lattice parameters a=5.396 Å, b=4.459 Å, and c=8.297 Å, according to Ref. [42] . 3-anion (see Fig. 2 ). Frequencies of normal vibrations of this anion were listed in Ref. [47] . Tables II-VIII) .
III. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Infrared reflection and transmission experiments
Infrared reflection and transmission spectra were registered in a broad spectral range using a Fourier-transform IR spectrometer Bruker IFS 125HR. The measurements were performed for different temperatures between 3 and 300 K using a closed-cycle helium cryostat Cryomech ST403. Helium-cooled bolometer for the far infrared (FIR) spectral region 10 -500 cm -1 and a liquid-nitrogen-cooled MCT detector for the middle infrared (MIR) spectral range 400 -3000 cm -1 were used. A wire-grid and a KRS-5 polarizers were used in the FIR and MIR spectral regions, respectively.
Modeling of the reflection spectra using the RefFIT programs [50] allowed us to find parameters of the phonons. The spectra were fitted by the least-squares method and calculations were performed according to the equation:
where (ω) is the reflection coefficient, ( )is the dielectric function, represented in the form of a sum of independent damped oscillators as
Here is the total number of the oscillators, , , and are the frequency, the oscillator strength, and the damping constant of the j-th oscillator.
B. Raman scattering experiments
Raman scattering spectra were measured in the range 40 -1600 cm -1 with the use of a Jobin-Yvon T64000 spectrometer equipped with a cooled CCD camera. The argon-laser line 514.5 nm (2.41 eV) and the Nd:YAG-laser line 532 nm (2.33 eV) were used for the excitation. A 50× objective was employed both to focus the incident beam and to collect the scattered light.
Low-temperature spectra were recorded using a helium closed-cycle cryostat (Cryo Industries, Inc.). All measurements were done in the back-scattering geometry for various polarization settings.
C. Ab initio density functional theory (DFT) calculations
In view of a mixed covalent-ionic bonding inherent to the Ni3(BO3)2 compound we decided to use a computational scheme based on the atomic-like basis sets. This implies using the DMol3- 
D. Samples
Several compounds are formed in the NiO-B2O3 system. The nickel borate Ni3(BO3)2 is known for more than a century [13] , whereas other borates, NiB2O4 and NiB4O7, were synthesized only recently, under high-pressure and high-temperature conditions [55, 56] . For our studies, single crystals of Ni3(BO3)2 were grown by a gas-transport method in the evacuated quartz ampoules along with the nickel boracites single crystals [16] . A polished rectangularshaped sample with dimensions of about 2×4×1, mm with the main orientations along the a(x), b(y), and c(z) axes was used for optical characterization and both Raman scattering and infrared reflection and absorption measurements.
For a preliminary optical characterization of this sample, we measured the ellipsometric functions ψ and Δ in the frequency range from 0.6 to 5.6 eV. To make a comparison, similar measurements were performed for a cubic NiO(100) single crystal. The calculated dielectric functions ε1 and ε2 and indices of refraction n and absorption k for both materials are presented in [59, 60] . These bands and a "green" transparency window around 2.3 eV are similar to respective features observed in NiO and in other nickel oxides [59] [60] [61] . The transparency window defines darkgreen color of NiO and Ni3(BO3)2. We note that these electric-dipole forbidden transitions are practically unobservable in the spectroscopic ellipsometric measurements, as it is seen in Fig. 4 .
Diffuse reflection spectrum of a powder sample of Ni3(BO3)2, with spectral features due to the dd transitions, similar to those observed in our absorption measurements was published in Ref.
[62]. We add that the above mentioned high-pressure borate NiB2O4 shows similar optical features and is characterized as "light-green" [55] . Lines are guides to the eye.
IV. RESULTS AND DISCUSSION
A. DFT modeling of the structure and phonon states
The first stage of the calculations dealt with the geometry optimization, the obtained structure parameters are listed in Table 1 . An overall agreement is quite good, though the computational results slightly underestimate the cell parameters (by ~ 0.1%). The zone-center phonon states were calculated at the theoretical equilibrium geometry.
All frequencies were found to be real. This result confirms stability of the lattice; see, however, Sec. IVD where we discuss a magnetostructural phase transition at TN. The calculated frequencies and symmetry assignments of the IR and Raman phonons are listed in Tables II-VIII. References to the corresponding [BO3] internal modes are shown in the columns "Assignment" of Tables. It is seen that the frequency and symmetry distributions of these modes obey well the predictions put forward in Sec. III, even though the frequency intervals between the 2 and 4 groups are very close.
Atomistic pattern of the lattice modes below 400 cm -1 is shown in Tables II-VIII 
3
Results presented in Tables II-IV show that for every computed odd mode there is a counterpart among the observed IR-active phonon modes. Some modes are very weak in the reflection spectra but are clearly visible in the absorption spectra (see, e.g. Fig.8 
C. Raman scattering spectra
To the best of our knowledge, only one work dedicated to Raman scattering of the kotoite M3(BO3)2 family was published [9] . The authors studied infrared and Raman unpolarized spectra originating from the ν1 vibration of a free BO3 molecule. These lines are observed in the spectra for both parallel and crossed polarizations, which may point to breaking of the selection rules.
D. Magnetostructural phase transition at TN = 46 K and the spin-phonon interaction
Experimental observation of doubling of the magnetic cell [12] , competition between FM and AFM exchange interactions and existence of frustrating (disordering) interactions between magnetic Ni 2+ ions in non-equivalent octahedral positions [10] may serve as a hint of coupling between magnetic and lattice subsystems which may find manifestation in the phonon spectra.
Low absorption of Ni3(BO3)2 in the FIR region provided us with a possibility to measure the transmission spectra by using a sample with a thickness of ~1 mm. This allowed us to observe fine changes in the phonon spectra non detectable in the reflection measurements. In contrast to the absence of any noticeable softening or hardening of the new folded phonons, some of the "old" phonons demonstrate an additional shift of their frequency in the reflection spectra below the temperature of the magnetic phase transition. Figure 9 shows that, along with a regular hardening of the B3u phonon at 255 cm -1 (T=250 K) assigned to the Tx translations of the magnetic Ni(2a) ions and the [BO3] groups (see Table IV ), a noticeable frequency shift of 0.7-1.0 cm -1 is observed below TN. Evidently, the mentioned translations modulate the superexchange interaction between the magnetic Ni 2+ ions (see Fig. 1 ). This affects elastic constants and, hence, phonon frequencies [39, 66, 69] . The results were obtained by fitting spectra to Voigt line shape profiles. Majority of phonon lines show a usual hardening of about 2-4 cm -1 (mostly due to anharmonic phonon decay [65] ) and line narrowing upon decreasing temperature down to 10 K. However, some of the lines display an anomalous behavior. Figure 10 shows the Raman spectra in the range of 10-50 K, which manifest a strong increase of intensity of forbidden B2g phonons in the B1g spectra below TN, but without any noticeable frequency shift. Important to say, that only B2g phonons show such behavior but no other allowed and forbidden phonons. This observation differs from a usual manifestation of the spin-phonon interaction (shown, for example, in Fig. 9 ) and strongly suggests a crystallographic symmetry lowering at TN. [12, 10] , no structural transition was noticed. It is worth mentioning, however, that conventional x-ray and neutron diffraction experiments in many cases fail to detect small atomic displacements. For example, it has recently been demonstrated for the rare-earth (R) iron oxyborates RFe3(BO3)4, using hard x-ray scattering technique [70] .
Only a few examples are known of magnetostructural phase transitions in nonmetallic compounds. The most known one is probably the spin-Peierls transition in half-integer spin value AFM chain compounds. Appearance of folded phonon modes was observed at the spinPeierls transition in CuGeO3 (Cu 2+ ion, S=1/2) [67, 71] and at the spin-Peierls-like transition (accompanied by a charge ordering) in α'-NaV2O5 [68] . Another example is a magnetostructural transition in the geometrically frustrated Heisenberg antiferromagnet on the pyrochlore network ZnCr2O4, which has been explained in terms of a spin-driven Jahn-Teller effect bearing a resemblance to the spin-Peierls instability in spin chains [72] . Thermally-and light-induced magnetostructural transitions were observed in so-called "breathing crystals" (based on copperorganic-nitroxide exchange-coupled clusters within the polymeric chains) and explained by interplay of exchange interaction between copper spins and the Jahn-Teller nature of copper complexes [73] .
The Ni 2+ ion of Ni3(BO3)2 has an integer spin value S=1 which rules out the spin-Peierls scenario. A singlet ground state 3 A2 of the Ni 2+ ion in the octahedral crystal field [59, 60] eliminates the Jahn-Teller effect as well. All this suggests that we are dealing with a new type of a magnetostructural phase transition which to the best of our knowledge has never been observed before in the nickel nonmetallic compounds. Though the data on Ni3(BO3)2 are scarce, in what follows we will qualitatively discuss a possible mechanism of the observed magnetostructural phase transition.
Neutron-diffraction patterns of Ni3( 11 BO3)2 powder samples (specially prepared with the 11 B isotope to avoid a large neutron capture cross-section of 10 B) taken at 6 K have revealed magnetic reflections that could be indexed in a (a×2b×2c) magnetic unit cell [12] . However, powder pattern intensity data are insufficient for a complete determination of a complex On the basis of these findings, we could suggest the following scenario for Ni3(BO3)2.
Highly frustrated interactions between the ferromagnetic nickel chains prevent a long-range ordering in the system, whereas short-range magnetic fluctuations develop. An interaction of these fluctuations with lattice instability at some point of the BZ triggers a structural phase transition which, in its turn, removes frustrations and a long-range magnetic order is established.
On the assumption of the magnetic space group Pa21/c (# 14.80), we find that the corresponding group for atomic positions is P21/c (#14). In this case, the number of phonon modes at the BZ center is doubled. The symmetry analysis results in the following irreducible representations and selection rules: 132Г = 30Ag(xx,yy,zz,yz) + 36Au(x) + 30Bg(xy,xz) + 36Bu(y,z)
Acoustic modes are Au+2Bu. Correspondence of these low-temperature (LT) modes relevant to phonons below TN with those of the paramagnetic high-temperature (HT) phase is described by the following relations:
30Ag(LT)=8Ag(HT)+ 7B3g (HT)+15M, 30Bg(LT)=8B1g(HT)+7B2g(HT)+15M, 36Au(LT)=7Au(HT)+ 11B3u(HT)+18M,
36Bu=7B1u ( results support the scenario of a complicated coupling between the lattice and spin dynamics in Ni3(BO3)2. We believe that our observations and conclusions will stimulate further theoretical and experimental studies of not only Ni3(BO3)2 but also other materials with the kotoite structure.
